Analysis of summertime temperature characteristics and ozone exposure indexes were carried out for eight locations in Poland for a 15-year period (1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011). The number of days with the maximum temperature exceeding 25 o C and 30 o C was calculated for each year. The analysis covered the 8-hour running average and daily maximum of near surface ozone concentrations. Also, the accumulated exposure when ozone concentrations were above 120 ȝg/m 3 (AOT60) was calculated as a diagnostic indicator of adverse health effects for each year. Although high ozone concentrations are associated with hot temperatures, the exposure to values higher than 120 ȝg /m 3 is correlated with the length of the hot weather period rather than with the occurrence of days with extremely high temperatures. In most cases the elevated ozone concentrations occurred during days when the maximum temperature was higher than 24 o C. Episodes of very high ozone concentrations, exceeding 180 ȝg /m 3 , were not associated with heat wave periods at analysed locations.
A b s t r a c t
Analysis of summertime temperature characteristics and ozone exposure indexes were carried out for eight locations in Poland for a 15-year period (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) . The number of days with the maximum temperature exceeding 25 o C and 30 o C was calculated for each year. The analysis covered the 8-hour running average and daily maximum of near surface ozone concentrations. Also, the accumulated exposure when ozone concentrations were above 120 ȝg/m 3 (AOT60) was calculated as a diagnostic indicator of adverse health effects for each year. Although high ozone concentrations are associated with hot temperatures, the exposure to values higher than 120 ȝg /m 3 is correlated with the length of the hot weather period rather than with the occurrence of days with extremely high temperatures. In most cases the elevated ozone concentrations occurred during days when the maximum temperature was higher than 24 o C. Episodes of very high ozone concentrations, exceeding 180 ȝg /m 3 , were not associated with heat wave periods at analysed locations.
INTRODUCTION
Photochemical ozone formation is strongly influenced by meteorology. Air temperature is often treated as a surrogate for meteorological factors such as enhanced solar irradiance, reduced cloudiness and calms (Jacob et al. 1993 , Ryan et al. 1998 , Sillman 1999 , Camalier et al. 2007 . Based on the neural network method, Stathopoulou et al. (2008) showed that temperature is the main parameter affecting ozone concentration levels.
A number of studies established that for the temperature range from 17 o to 32 o C the increase of ozone concentration is approximately linear (Bloomer et al. 2009 , Camalier et al. 2007 , Mahmud et al. 2008 , Sillman and Samson 1995 . According to Steiner et al. (2010) , ground level ozone concentrations show a direct linear relationship with surface air temperature. However, observations in California provide compelling evidence that ozone maximum concentrations may plateau or decrease under extremely high temperatures > 39 o C due to a strong e-folding decrease of PAN (Peroxyacetyl nitrate) and a reduction of isoprene emissions. Almost linear ozone increase with temperature was found by Im et al. (2011) , who studied the impact of temperature changes on ozone in the Eastern Mediterranean.
The impact of temperature on atmospheric ozone occurs both directly through the temperature dependence of ozone forming reactions (Sillman and Samson, 1995) and indirectly through the temperature dependence of dry deposition through stomatal uptake (e.g., Wesley 1989 , Solberg et al. 2008 . Biogenic emissions of ozone precursors also increase with temperature (e.g., Guenther et al. 1993) , which favours ozone formation.
Based on model simulation for the summer 2007 period over the Mediterranean Hodnebrog et al. (2012) showed that the direct impact of high temperatures on ozone chemistry was low (less than 1 ppb v on average over the region) because high temperatures lead to both faster ozone production and ozone destruction. Vieno et al. (2010) and Solberg et al. (2008) highlighted the role of surface dry deposition during the European 2003 summer heat wave, indicating that reduced uptake from vegetation due to drought contributed significantly to high ozone levels. Furthermore, simulations by Solberg et al. (2008) showed that biogenic isoprene emissions contributed up to 20% to the peak ozone values and a 10 o C increase led to a 5% increase in peak ozone values. Observational studies indicate strong correlation between surface temperature and ozone concentrations on multiple time scales (Bloomer et al. 2009 , Camalier et al. 2007 , Cardelino and Chameides 1990 , Clark and Karl 1982 , Korsog and Wolff 1991 including monthly average ozone and monthly average temperatures in the warm season (Rasmussen et al. 2012) .
Substantial increases in surface ozone are documented in Western Europe during the summer period of 2003 (e.g., Vautard et al. 2005 , Fiala et al. 2003 , Solberg et al. 2008 . Photochemical pollution during the exceptionally warm summer period in Zagreb in 2006 was shown by Pehnec et al. (2009) . Also, research undertaken in the AQMEII (Air Quality Modelling Evaluation International Initiative) project focused on the photochemical pollution during summers of 2006 (i.e., Solazzo et al. 2012 (i.e., Im et al. 2015 .
Assessment of the exposure to ozone concentrations during summer periods in Europe is reported by the European Environmental Agency (EEA). Measurement-based analysis of the exposure to high ozone concentrations is presented together with the average maximum daily temperature recorded in selected European cities.
Although the relation between temperature and ozone pollution was confirmed in numerous studies, only limited publications focus on photochemical pollution during hot spells and heat waves.
Ozone pollution during heat waves was analysed over Western Europe for August 2003 (Pellegrini et al. 2007 , Tressol et al. 2008 and July 2006 over Central Europe (Struzewska and Kaminski 2008) . The assessment of ozone pollution in Athens during heat waves that occurred in the last decade was presented by Papanastasiou et al. (2014) . A relatively high positive correlation between ozone and air temperature in terms of the probability of the number of days with ozone exceedances in respect to a given maximum daily temperature was found in North Rhine-Westphalia, Germany, for the period of 1983í2007 (Melkonyan and Wagner 2013) .
The aim of the presented study is to analyse a long-term variability of temperature characteristics and surface ozone concentrations based on measurements from eight locations in Poland. An attempt was made to establish the relationship between the hot weather periods and ozone pollution in Poland. Also, the heat wave periods were identified and analysed in the context of ozone exposure.
OBSERVATIONS AND METHODS
The presented analyses were undertaken for the 15-year period 1997-2011. Ozone measurements were obtained from the EEA AirBase data archive (http://acm.eionet.europa.eu/databases/airbase). Eight air quality rural background stations with relatively complete and homogenous ozone measurement time series for the analysed period were selected (Fig. 1) . Four stations along the south-western borders of Poland were selected as most severe ozone episodes in Poland are associated with situations when local ozone 
RESULTS
The daily maximum temperature was used to analyse the climatology of hot weather periods in Poland. For all analysed stations the following indexes were calculated: number of days with T max > 25 °C (hot days), average temperature during hot days, number of days with T max > 30 °C (very hot days), average temperature during very hot days, number of heat waves, defined as periods of at least three consecutive days with T max > 30 °C. The number of very hot days is a subset of the number of hot days. A heat wave, defined as a prolonged period of excessively hot weather, is not precise and may vary depending on the region and climate type. In this work,we adopted a methodology based on temperature thresholds. Following Meehl and Tebaldi (2004) , Della-Marta et al. (2007) , Kyselý (2010) , and Twardosz and Batko (2012) , heat waves over Central Europe are defined as a period of at least three consecutive days with a maximum temperature exceeding 30°C.
Recent studies of thermal extremes during summer months in Poland in 1951í2010 showed increasing frequency of the number of extremely warm day (Graczyk and Kundzewicz 2015, Twardosz and Kossowska-Cezak, 2015) . In Central Europe, hot spells can be associated with an inflow of two different types of air masses (subtropical from the south or transformed polar from westerly directions), which indicate the differences in contribution of transboundary transport of ozone and its precursors. To assess the impact of high temperature on ozone pollution, the following ozone concentration indexes were calculated:
number of days with 8-hour moving average exceeding 120 ȝg/m 3 , accumulated exposure to concentrations higher than 120 ȝg/m 3 (in respect to 8-hour moving average), daily maximum above the information threshold of 180 ȝg/m 3 .
The occurrence of hot and very hot days, as well as the number of days with elevated ozone concentrations, were assessed for each year and each station to assess trends and interannual variability over the 15-year period and to analyse spatial differences in high temperature characteristics.
Temperature
In terms The smallest number of hot days occurred in 1997 (27 days on average), 1998 (23 days on average) and 2004 (27 days on average). For àeba station, located at the seaside, the number of hot days was smallest (14 days on average) as compared to other stations. However, the number of hot days was significantly higher (28 days) in 2002.
The average number of hot days, as well as the range of variability among stations observed for a particular year, is presented in Fig. 2 . The bottom and top of the box represent the first and third quartiles, the band inside the box is the median. Ends of the whiskers represent the lowest datum within 1.5 IQR (interquartile range) of the lower quartile and the highest datum (data outside the 1.5 IQR). 
Number of hot
The average da calculated for e days on average years, the temp 5 ± 0.4qC). Two Legnica -were days (28.08qC s in àeba was lo hot day periods s (29.13qC). imately 2qC while in 2010 the differences between stations were substantially smaller (less than 1qC) and on average the maximum temperature during hot days was the highest in the analysed 15-year period.
During the analysed 15-year period the highest number of very hot days (T max > 30qC) occurred in 2006 (14 days on average) and 2010 (13 days on average), especially at Sáubice (22 and 15 days, respectively), Warsaw OkĊcie (22 and 17 days) and Legnica (21 and 14 days). A relatively large number of very hot days was observed in 2003 (8 days on average) and 2002 (7 days on average). However, in 2002, the number of very hot days was similar at most of the stations í in the range of 8 to 10. In 2003, the number of very hot days was much higher in Sáubice (14 days) and Legnica (17 days), located at the western border of Poland, which was probably connected with the inflow of hot air masses from over Western Europe, where summer season 2003 was exceptionally high. Similar effect was observed in 2008 when the number of hot days in Sáubice and Legnica was significantly higher than observed at other stations (12 and 13 days, respectively). (Fig. 4) . lculated for verage temSáubice, Kasome years. served. The -was ob- Figure 5 shows the maximum temperature during very hot days averaged ovr all stations. The highest mean temperature was calculated for 1998 and 2010. A trend was not detected for the maximum temperature during very hot days for the analysed period.
Based on the maximum temperature record, the heat wave periods, defined as at least three consecutive days with the maximum temperature exceeding 30 o C, were identified (Table 2) . Over the analysed period and region, such spells were usually short, 3-4 days. In most cases there were 1-2 heat waves per year, most often in July. An exception was 2006 with 3 prolonged periods of very hot weather.
In 2009 and 2011 heat waves were not detected at any of the analysed stations. At àeba station, heat waves were not detected during the analysed period at all. A relatively small number of heat waves were found at Suwaáki station (3 hot spells during 15 years). The highest number of heat waves was 
Ozone pollution
The European Directive on Ambient Air Quality and Cleaner Air for Europe (EC/2008/50) defines the thresholds for ozone exposure with respect to human health based on the maximum daily 8-hour running mean of ozone concentrations. The Long Term Objective (LTO) is defined as the number of days when the maximum 8-hour running mean of ozone concentration exceeded 120 ȝg/m 3 . The Target Value (TV) is exceeded when the LTO is exceeded more than 25 times per calendar year at a particular station.
The number of days with exceedances of LTO was calculated for each station for each analysed year. Most LTO exceedances during the whole analysed period were at Czerniawa (461). Also, a high number of days with high ozone concentrations was recorded in Belsk (331 days) and Jarczew (256 days). At most stations, the number of days with TV exceedances occurred in 2002, 2003 and 2006 (60, 70, and 76, respectively) . Also, the number of LTO exceedances was highest in these years (213, 218 and 207) . Exceedances of TV were not observed in àeba, where the highest number of days with 8-hour ozone concentration exceeding 120 ȝg/m 3 was 20 in 2006. The average number of days with LTO exceedances calculated for Widuchowa, Kuznia and Urad stations would have been probably higher if these stations had operated over the entire 15-year period. The inclusion of stations with shorter time record can be justified by the fact that there were very few rural background air quality monitoring stations available for the analysed period in Poland. Figure 6 presents the number of days with LTO exceedances. In 1997 and 2004 the number of days was significantly lower than in other years (8-9 days on average). In 1997 In , 1998 In , 2004 and 2010 exceedances of TV were not observed. From 2007 to 2011 the average number of LTO exceedances was quasi-constant.
To be coherent with the number of days with exceedances of LTO we calculated the sum of maximum 8-hour ozone levels over 120 ȝg/m 3 as a measure of accumulated exposure to high concentrations (AOT60). The AOT60 (Accumulated Ozone Exposure above a Threshold of 60 ppb) was proposed in the draft version of the first ozone directive as an indicator of human exposure. Although AOT60 was not incorporated into the European Ambient Air Quality Directive, it is valuable for presented analysis as it accounts for the size and duration of the exceedances.
The accumulated exposure to ozone concentrations above the LTO threshold was calculated for each station and each year. This index was the highest in 2000, 2002, 2003 and 2006. In 2000 In general, the highest exposure was seen at the mountain station Czerniawa, located at 645 m asl. This effect is partly caused by the elevated ozone concentration due to the transport from upper troposphere in the mountain regions. However, high ozone concentrations in the boundary layer resulting from photochemical production also contribute to the exposure observed in Czerniawa. Ozone exposure is often high at Belsk station (264.48 ȝg/m 3 xday on average), which may indicate a favourable ozone production regime and the structure and pattern of precursors emission in the source impact region of the station. Figure 7 presents the accumulated exposure to ozone concentrations higher than 120 ȝg/m 3 for the maximum 8-hour running average. Highest mean exposure was observed in 2000, 2002, 2003 and 2006, although In most cases, high concentrations were observed at Czerniawa station. Information threshold at Belsk, àeba and KuĨnia was exceeded three times during the analysed period.
DISCUSSION
An attempt was made to explore the relationship between the length and intensity of hot temperature spells and the intensity of excessive ozone concentrations.
In the first approach, the number of hot days at a given synoptic station in each year was paired with the number of LTO exceedances at the corresponding air quality monitoring station (Fig. 8) . The temporal agreement between hot spells and episodes of high ozone concentration was not taken into account.
In general, most of the station pairs show dependence between the number of hot days and the number of days with ozone concentrations exceeding 120 ȝg/m 3 in respect to the maximum 8-hour running average. A higher number of hot days corresponds to the increase of days with LTO exceedances at Warsaw-Belsk, Legnica-Czerniawa, Lublin-Jarczew, Sáubice- The temporal agreement between heat wave periods ( Table 2) and exceedances of the information threshold was assessed. The highest daily maximum concentrations were observed in 2000 . In 1998 , 2002 and 2005 there was no coincidence between extreme temperature and ozone concentration maxima. In 2003 and 2006 there was one case per year when the exceedance of the information threshold took place during the heat wave. Fig. 12 . Maximum temperature at synoptic stations paired with the daily maximum ozone concentration at nearest rural background air quality station exceeding information threshold.
CONCLUSIONS
The number of days with the maximum temperature exceeding 25 o C ("hot days") and the number of days with maximum temperature exceeding 30 o C ("very hot days") were calculated for a 15-year period (1997í2011). In addition, the average maximum temperature during these days was calculated. To assess ozone exposure, the number of days with exceedances of the LTO was calculated for each station for each analysed year. Also, an ozone exposure index (AOT60) was calculated, as a measure of the accumulated exposure to concentrations higher than 120 ȝg/m 3 in terms of an 8-hour running average. Exceedances of the information threshold (1-hour concentrations higher than 180 ȝg/m 3 ) were also taken into account. Although it is believed that high air temperature results in an enhanced ozone formation, the outcome from the presented analysis of the relationship between hot weather periods and enhanced ozone pollution in Poland is not clear.
High exposure to ozone concentrations in terms of values higher than 120 ȝg/m 3 is correlated with the number of hot days (in 2002, 2003 and 2006) . However, occurrence of very hot days, if not associated with longer hot weather periods, did not result in enhanced ozone pollution (i.e., in 1998, 2010) . Highest 1-hour ozone concentrations were observed in 2000, 2003 and 2006 . In general, episodes of very high ozone concentrations exceeding the 180 ȝg/m 3 were not associated with heat wave periods at analysed locations. In 2000, such events were not associated with hot weather period during the summer. In contrast, in 2002, the information threshold was not exceeded although the number of days with the LTO exceedances and the number of hot and very hot days was high.
A relationship between the number of hot days and the number of days with the LTO exceedances was found for the set of all analysed stations. However, the analysis of the maximum 8-hour running average of ozone concentrations, calculated as a mean over the hot days, showed that during hot weather periods the LTO was not exceeded in most cases. Also, the average maximum temperature during and the 8-hour running average of ozone concentrations during the days with LTO exceedances does not show a quasi-linear relationship. In most cases the elevated ozone concentrations occurred during days when the maximum temperature was higher than 24 o C. Although a similar number of the information threshold exceedances was found during days with the maximum temperature below and above 30 o C, the ozone concentrations reached very high levels during very hot days.
The spatial variability of ozone exposure in the context of thermal conditions was found for the number of characteristic days. Average temperature during hot and very hot days weakly corresponds with the average ozone concentrations during days with LTO exceedances. The highest accumulated exposure on ozone concentrations was not determined by accumulated temperature exposure; however, for stations with lowest temperature exposure AOT60 was also low.
In general, warm summer periods with prolonged hot spells favours ozone formation at rural background stations. However, the temporal agreement between hot days or heat waves and periods with exceptionally high ozone concentration is not clear during the analysed 15-year period. Further analysis of the circulation types over Central Europe during ozone episodes will be undertaken.
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